ABSTRACT Antenna polarization is an effective resource to be exploited for space-limited devices to support a large network payload. However, channel modeling with regard to antenna polarization is still in its early stages. This paper assesses several existing channel models that support antenna polarization, and the advantages and disadvantages of the existing models are clearly summarized. To maintain the advantages (e.g., supporting the MIMO array extension and considering the antenna radiation pattern) and overcome the disadvantages (e.g., reducing modeling complexity but preserving accuracy), this paper proposes a 3-D channel model for polarized MIMO (CM 3D -PMIMO) systems. In particular, the proposed channel model considers the power radiation pattern of polarized array systems that could be used for evaluation of an energy efficient transmission technique based on polarized MIMO systems. Similar to conventional works, the proposed CM 3D -PMIMO is verified via correlations between the polarized links, and the Monte Carlo simulation reliability for performance evaluation of MIMO technologies under CM 3D -PMIMO is also validated by packet-error-rate analysis.
I. INTRODUCTION
Antenna polarization has the advantages of enhancing channel capacity and reducing the required antenna space via the principle of polarization diversity and multiplexing [1] . The existing polarized MIMO (PMIMO) channel models can be divided into two categories: 2D models (where all scatterers are located in a 2D plane) and 3D models (where all scatterers are located in a 3D space). The spatial channel model extended (SCM-E) is a well-known 2D PMIMO channel model [2] that obtains only a single complex output that results from a combination of all polarized links. In this case, it is difficult to exploit the spatial multiplexing gain or other types of combination gains because all polarized links are merged as one output by SCM-E. Another widely used model is the I-METRA PMIMO channel model [3] . In contrast to [2] , I-METRA returns a complex channel matrix, where each polarized channel link (e.g., v-h, h-v, h-h, and v-v; v for vertical, h for horizontal) can be distinguished separately and observed. Therefore, the polarization multiplexing or diversity gain can be exploited. The I-METRA PMIMO channel model also considers array extension, where there are several array elements with each being equipped with polarized branches [3] . However, because of the limited depiction for the practical scattering scenario by 2D models, the 2D PMIMO models have been replaced gradually by state-of-the-art 3D models [4] - [6] .
3D geometry-based modeling of channel depolarization was proposed by Kwon and Stüber [4] . This model is accurate, but complicated because it considers many parameters, such as the radius of a cylindrical scattering surface, azimuth angle of arrival, elevation angle of arrival, and the distance between the base station (BS) and mobile station (MS). Consequently, because of the complexity of the geometric calculation in [4] , it is difficult to extend this model to support the case with triple-polarized array applications. In [5] , a 3D PMIMO channel model is proposed based on two sphere scattering surfaces. This model considers array extension, as reported elsewhere [3] . However, it also combines all polarized links as a single channel output that results in the same limitations of [2] . Moreover, the double integrals in [5] , by assuming an infinite number of scatterers, make their channel model too complex to be implemented practically for computer simulations. A sufficient number of finite scatterers are generated normally in order to imitate the practical scattering environment [6] . According to the idea behind [7] , a 3D one-sphere PMIMO channel model was proposed in our preliminary work [6] , which is suggested for the dual-PMIMO system. Compared with the conventional models [2] - [5] , our preliminary work [6] maintained the advantages, such as obtaining a complex channel matrix for polarization diversity/multiplexing investigation and supporting array extension, and overcame the disadvantages by reducing modeling complexity. The continuity of the time-varying phase response is preserved by considering MS mobility in [6] and [8] based on the parameters of the moving direction and MS velocity. Therefore, practical channel estimation using a training sequence becomes meaningful in terms of phase compensation under the proposed channel model. The performance of the dual-PMIMO system with two beam-forming schemes, i.e., singular value decomposition (SVD) and minimum mean-square error (MMSE), has been evaluated [6] .
In this paper, the previous work [6] is extended by considering more practical conditions, including antenna triplepolarization, scattering environments for indoor and outdoor environments, power radiation patterns, and signal line-ofsight (LOS) component. The proposed 3D channel model for polarized MIMO (CM 3D -PMIMO) systems preserves the advantages and avoids the disadvantages of conventional models. Typically, the proposed 3D channel model considers the power radiation pattern of polarized array systems that could be applied for assessing an energy efficient transmission scheme based on polarized MIMO systems, since the green communications have been emphasized recently in 5G communications [9] - [11] . Similarly to [5] , in order to verify our proposed channel model via the correlation characteristics, and also based on the use of beamforming techniques, in this paper, the proposed CM 3D -PMIMO is validated to be practical and comparatively simple to use for computer simulations.
The remainder of this paper is organized as follows: Section II compares the existing PMIMO channel models in terms of diversity/multiplexing exploration and parameter derivation. The 3D scattering environments and CM 3D -PMIMO are modeled in Sections III and IV, respectively. In Section V, the proposed channel model is verified based on the correlation characteristics, and further validated by applying different beamforming techniques in Section VI. Finally, the conclusions are drawn in Section VII.
II. CHARACTERISTICS OF PMIMO CHANNEL MODELS
A. DIVERSITY AND MULTIPLEXING EXPLORATION Fig. 1 provides examples of an orthogonal triple-PMIMO system in the A&B (array and branch) multiple antennae configuration. According to Fig. 1(a) , there are three orthogonally co-located antenna branches at the transmitter (Tx) and receiver (Rx) ports. Therefore, this PMIMO transceiver is defined at the branch level as PMIMO B . By uniformly aligning the polarized antenna ports (array elements) at Tx and Rx, as illustrated in Fig. 1(b) , a PMIMO system defined as PMIMO A&B , which indicates that antenna polarization is realized at both array and branch levels, is obtained. Table 1 lists the exploration of diversity and multiplexing gain for the existing PMIMO channel models. As introduced above, references [2] and [5] are difficult for exploiting the polarization multiplexing gain at the branch level because they combined all polarized links as a single channel output. In [4] , the channel model was suggested only for the case of PMIMO B with dual-polarized antennas, and it is difficult to extend this model to PMIMO A&B because of the complexity of 3D geometry-based calculations.
B. PARAMETERS DERIVATION
In general, the channel impulse response for a PMIMO B system can be expressed as where η is the transmitted power, and I denotes the number of scatterers. G (t) is the channel gain matrix given as
where µ is the cross-polarization discrimination (XPD) value, and N and M represent the number of Rx and Tx branches, respectively (N = M = 3 refers to the triple-PMIMO system). The XPD value quantifies the power separation among the polarized links that differentiate the polarization orientations [4] - [6] . D (t) provides the phase rotation matrix due to the signal propagation distance, and (t) denotes the phase rotation matrix due to scattering, as follows: (1-b) and (1-c) , as shown at the bottom of this page, where λ is the signal wavelength; d TB m −RB n is the signal transmission distance from the m th branch of Tx to the n th branch of Rx; and α i and β i represent the azimuth angle and elevation angle of the i th scatterer, respectively. a R and a T are the polarized antenna radiation pattern vector of Rx and Tx, respectively, which is given as
(1-e)
When polarization is exploited at the array level, the channel output is given as
This is a Q-by-P matrix, where Q and P denote the number of array elements at Rx and Tx, respectively. The element of (2) is then defined as
where the matrix of
refers to the channel gains from the p th array element of Tx to the q th array element of Rx. Similarly, the phase rotation matrix is obtained because of the transmission distance and scattering from the p th array element of Tx to the q th array element of Rx, as follows: (2-c) and (2-d) , as shown at the top of this page.
P RA q and P TA p are the polarized array radiation pattern vector of Rx and Tx given by the following:
where a (α i , β i ) denotes the radiation pattern of a single antenna, and F (α i , β i ) represents the array factor. The latter is the far-field radiation pattern of an isotropic array system [12] .
Based on the formulae above, the existing channel models are compared in terms of the parameter derivation in Table 2 , including channel gain, phase rotation, etc. According to Table 2 , the most complex model was reported by Kwon and Stüber [4] , and it consumes much more computing power to realize the array extension because all parameters are derived based on 3D geometric calculations. On the other hand in [5] , a 3D geometric calculation was avoided by the Von Misese Fisher (VMF) and triangular distributions. As discussed earlier, however, [2] and [5] could not explore the polarization multiplexing gain. Via a summary of conventional works and to provide a comprehensive PMIMO channel model without accuracy loss, our preliminary work [6] was extended by considering the additional conditions of the antenna triple-polarization, scattering environments (indoor/outdoor), antenna radiation patterns, and signal LOS component.
III. MODELING OF 3D SCATTERING ENVIRONMENT A. KENT DISTRIBUTION
In [7] , the channel was modeled by employing one scattering sphere model with Tx located at the center and scatterers distributed over the surface of the sphere. Without a loss of generality and in order to reduce the modeling complexity, one scattering sphere model can be used with the Rx inside and the scatterers distributed over the surface of the 3D sphere at Rx, as represented in this paper. Kent distribution with five parameters can be used to describe the deployment of scatterers, which is a probability distribution on the sphere S 2 in the Euclidean R 3 [13] . Kent distribution is given by
where x is a 3-D unit vector and the normalizing constant c (γ , ζ ) is given by
Here, I v (γ ) is the modified Bessel function. The parameter γ determines the concentration or spread of the distribution, whereas ζ determines the ellipticity of the contours. The higher γ and ζ , the tighter and more elliptical would be the distribution. Vector ς 1 is the mean direction of the source on the sphere, and ς 2 and ς 3 represent the directions of the major and minor axes of the ellipse, respectively. The first vector determines the common center of the contours, whereas the other two determine the orientation. The three-by-three matrix ς 1 , ς 2 , ς 3 should be orthogonal. In this paper, we set ζ to zero in order to indicate the VMF distribution applied in [5] . Fig. 2 shows Kent distributions when the concentration parameter γ equals 0, 10, and 100, and the mean direction ς 1 is 0 0 1 . According to Fig. 2 , scatterers are distributed uniformly at γ = 0, and they are concentrated at the point 0 0 1 as γ increases. A high γ value corresponds to a more concentrated distribution of scatterers about the mean vector ς 1 , e.g., 0 0 1 in Fig. 2 .
B. INDOOR AND OUTDOOR SCATTERING ENVIRONMENTS
In an indoor scattering environment [14] , [15] , the scatterers are often distributed uniformly over 360 • surrounding Rx. Therefore, this paper uses Kent distribution with γ = 0 and ζ = 0 to represent the indoor scattering environment, which is illustrated as a group of black dots in Fig. 2 .
In an outdoor scattering environment, scatterers are often divided into clusters [16] , [17] . A group of local scatterers within a cluster has comparatively close coordinates on the sphere model, representing incidence signal scattered by roofs, walls, trees, windows, doors, etc., from a correlated direction. Global scatterers among different clusters have independent coordinates that denote the incidence signal scattered from uncorrelated directions. Fig. 3 is used to illustrate the outdoor scattering environment, where the local scatterers within a cluster are marked by the same color/shape, and the global scatterers among the different clusters are marked by separate colors/shapes. The scatterers of each cluster follow Kent distribution with γ = 100, ζ = 0, and a randomly assigned mean direction vector ς 1 . High-elevation scatterers are not usually warranted in outdoor scenarios, as shown in Fig. 3 . Therefore, the mean direction vector needs to be assigned carefully in outdoor scenarios.
C. AZIMUTH AND ELEVATION ANGLES OF SCATTERERS WITH MS IN MOTION
Consider the scenario where Tx is fixed, whereas Rx is in motion with a velocity of v(t). By assuming a slanted angle between the Tx antenna and Rx antenna of zero, the investigated example of a triple-PMIMO transceiver throughout this paper is illustrated by Fig. 1(b) . Three pairs of branch sets, i.e., TxA p B 1 /RxA q B 1 , TxA p B 2 /RxA q B 2 , and TxA p B 3 /RxA q B 3 of Tx/Rx, are aligned with the Z-axis, Y-axis, and X-axis, respectively.
Suppose there is a total of I scatterers located on a scattering sphere at the Rx side, and each scatterer has the coordinates (a i , b i , c i ), as illustrated in Fig. 4 .
where r represents the radius of the sphere model. At the initial status of t = 0 for data packet duration, the origin, which is updated periodically after data packet duration, of the spherical coordinate is set to be located at the center of the Rx array. The i th scatterer has azimuth and elevation angles of α i and β i , respectively, that correspond to the center of the Rx array. Let α i,q and β i,q represent the azimuth and elevation angles, respectively, of the i th scatterer that corresponds to the q th Rx array element; then 
where the coordinate of the q th array element is 0, y q , 0 at t = 0 and the array element spacing is d, as illustrated in Fig.5 . At t = T , Rx moves to a new location with distance T and moving direction (referred to as the X-axis) of θ T . Suppose that the signal is scattered via the same scatterers during one data packet duration; then, the azimuth and elevation angles of the i th scatterer that corresponds to the center of the Rx array at t = T are updated as α i and β i and given by
The azimuth and elevation angles of the i th scatterer that corresponds to the q th array element at t = T are updated as α i,q and β i,q , where (13) and (14), as shown at the bottom of this page.
Note that after data packet duration, the scatterers are updated based on Kent distribution.
IV. MODELING OF CM 3D -PMIMO A. XPD VALUE
Normally, the XPD value is revealed to have a relationship with the antenna properties, distance between the transmitter and receiver, scatterer distributions, etc. In this paper, the XPD value, which quantifies the power separation among the polarized links and differentiates polarization orientations, is defined as
which is specified only by the power coupled to the polarized links [4] - [6] . In contrast to a previous study [4] that was dedicated to verifying the channel model based on XPD values, the XPD value in this paper is assigned directly according to the measurement results reported in the literature, e.g., 5.8 dB for urban areas with relatively high buildings at 1.8 GHz band in [18] , in order to minimize modeling complexity. The XPD value increases with increasing energy coupled with co-branch links. Assuming that the received co-branch power equals one, and µ (where 0 ≤ µ ≤ 1) denotes the received cross-channel power, the XPD values represented in the linear and dB manners are related to µ and given by the following
B. CHANNEL MODELING
The half wavelength dipole is used as the antennae for polarized branches. Let P RA q B 1 (α i , β i ), P RA q B 2 (α i , β i ), and P RA q B 3 (α i , β i ) represent the radiation patterns generated by three Rx array sets, i.e., RxA q B 1 , RxA q B 2 , and RxA q B 3 , at t = T ; then we have
where the polarized dipole radiation patterns are derived by (31) in [5] given as
VOLUME 4, 2016 FIGURE 6. Radiation patterns of triple-polarized half-wavelength dipole in 3D form.
and the array factor for the three sets of array elements are obtained in Appendix-A as
ε is the array element spacing factor that describes the array configuration, i.e., d = λ/ε. Based on (17-a), (18-a), and (19-a), the radiation patterns of triple-polarized half-wavelength dipoles are plotted in Fig. 6 , where the three patterns affect each other, and the donut radiation shape of the dipole antenna is reshaped because of the presence of co-located dipoles. By setting Q = 4 and ε = 2, we plot the beam radiation pattern of a triple-PMIMO A&B in 3D form, as illustrated in Fig. 7 . We can see that the main-lobe petal of each radiation pattern has a shell shape, which is mainly formed by the interaction of the electromagnetic fields of co-located patterns. Because the array element spacing of the half wavelength (ε = 2) at MS and several wavelengths (ε 2) at BS are normally suggested to achieve multiplexing and/or diversity gains [19] , in this paper, it is assumed that the Tx array elements are separated by several λ, resulting in an uncorrelated Tx radiation pattern that contrasts with Fig. 7 . Therefore, the radiation pattern of Tx and the scattering about Tx are not considered in the present channel modeling. The reason we introduce the power radiation pattern into channel modeling is for the consideration of an energy efficient transmission technique evaluation based on polarized MIMO systems, where the power radiation pattern according to a specific application could be reformed by varying the dipole length [20] . By normalizing the transmit power, the gains of the polarized links (i.e., TxA p B 1 -RxA q B n , TxA p B 2 -RxA q B n , and TxA p B 3 -RxA q B n ) can be obtained as cos β i,q · cos α i,q , cos β i,q · sin α i,q , and sin β i,q , respectively, via signal depolarization. In addition, it is assumed that the scattered incidence signals from TxA p B 1 , TxA p B 2 , and TxA p B 3 are perfectly orthogonal [4] , [6] . Three imaginary parts, i.e., j sin β i,q · cos α i,q , j sin β i,q · sin α i,q , and j cos β i,q , can then be used to represent the signal phase rotations due to transmission propagation and scattering, where these imaginary parts ensure that the polarized links from each Tx array element are perfectly orthogonal.
For a single Rx branch, three-orthonormal basis can be used to denote the polarized links from the p th Tx array element as
Based on (20)- (21), a complex matrix of channel output can be obtained for the polarized links between TxA p and RxA q as (23) , as shown at the top of the next page, where η denotes the total transmit power. The overall output of CM 3D -PMIMO is finally given by (24) , as shown at the top of the next page, and the comprehensive mechanisms to model (24) are summarized as follows:
Indoor and outdoor scattering environments are considered.
The continuity of the time-varying phase response is generated by considering MS mobility. Therefore, practical channel estimation that uses the training sequence becomes meaningful in terms of phase compensation under the proposed channel model. Polarized antenna radiation patterns are considered by (17)- (19) . Therefore, the energy efficient transmission technique can be evaluated based on the proposed channel model, where the power radiation pattern according to a specific application can be reformed by varying the dipole length. The channel gains are derived by (20)- (21), where the phase rotations are presented via the imaginary parts of (20)- (21). The proposed model supports the array extension, where PMIMO A&B is realized by (24) . This model is comparatively easy to extend in order to support the applications of massive PMIMO [21] . Multiplexing gain can be investigated because all polarized links are returned separately by (23) and (24) . Note that each element in (24) is a complex matrix, rather than a combined complex value as given in [2] and [5] . With the assumption that the energy contribution of remote scatterers is negligible, a finite, but sufficient, number of scatterers can be generated to imitate a practical scattering environment.
V. SIMULATION OF CM 3D -PMIMO BY CORRELATIONS
Similar to [5] , verification of the proposed channel model is based mainly on observations of the correlations in this paper. The correlations among polarized links are analyzed and discussed by varying the Rx array element spacing, XPD value, and Rx velocity. Table 3 lists details of the parameter settings for channel model verification. Fig. 8 presents the correlations by varying the Rx array element spacing, where the XPD value is fixed to 5.8 dB, and MS velocity is set to 3 km/h. We find that correlation between the cross-array links, e.g., h TA 1 B 1 −RA 1 B 1 and h TA 1 B 1 −RA 2 B 1 , is inversely proportional to the array element spacing due to the array aliasing effect [22] , which is also demonstrated by the simulation results in Fig. 11 and h TA 1 B 1 −RA 4 B 1 . This also depicts the array aliasing effect because the array spacing of latter cases is larger than the first case. Moreover, the correlation in an outdoor environment is slightly higher than that in an indoor environment. This is because the incident signals scattered in an outdoor scenario are comparatively correlated, in contrast with the case of the indoor environment. For an Rx branch, the signals received on three branches from the p th Tx array element are assumed to be perfectly orthogonal. Therefore, the correlation between the cross-branch links, e.g., h be maintained because the XPD value determines the power separation of the Tx branch at each Rx array element. Fig. 9 shows the relationship between the XPD value and correlations, where the array element spacing and Rx velocity are fixed at λ/2 and 3 km/h, respectively. The crossarray correlations are relatively constant with varying XPD values, which maintain values of approximately 0.75 and 0.7 for outdoor and indoor environments. This is mainly because the XPD value is the index used to differentiate the orientation of the cross-branch polarizations, and the received signal power across array elements is not relevant to the XPD value. According to the geometric depolarization theory by [4] , a low XPD value indicates a signal wave that is not discriminated well, whereas a high XPD value describes a signal wave that is discriminated well. Therefore, the correlation is high with a low XPD value, and decreases as the XPD value increases. For depolarization of the Tx signal, e.g., the links of h TA 1 B 1 −RA 1 B 1 and h TA 1 B 1 −RA 1 B 2 under outdoor and indoor environments in Fig. 9 , the correlation decreases gradually with an increasing XPD value. This conforms to the geometric depolarization theory in [4] because a higher correlation can be obtained via signal waves depolarized into a similar power level. The highest correlation occurs when the same signal power of a Tx branch (e.g., TxA 1 B 1 ) is depolarized at separate Rx branches (e.g., RxA 1 B 1 and RxA 1 B 2 ) by a zero XPD value. Fig. 10 presents correlations as a function of the Rx velocity with a fixed λ/2 array element spacing and 5.8 dB XPD value. The correlations for cross-branch and cross-array (20)- (21), as assumed in the previous section.
VI. CM 3D -PMIMO UNDER BEAMFORMING TECHNIQUES SIMULATIONS A. LOS SIGNAL COMPONENT
The LOS component can be generated by introducing the Rician K -factor for the proposed channel model as follows:
whereĥ TA P _RA Q (t) represents the signal LOS component given by (25-a), as shown at the bottom of the previous page, and denotes the Hadamard product. Note that according to [18] , the XPD value used for the LOS signal component is assigned to 9.7 dB.
B. SVD AND MMSE BEAMFORMINGS UNDER CM 3D -PMIMO
Via SVD beamforming, CM 3D -PMIMO can be represented by parallel subchannels with a set of singular values that denote the subchannel gains. In order to apply SVD beamforming, H PMIMO A&B (t) can be decomposed into the following three parts:
where (σ 1 ≥ σ 2 ≥ · · · ≥ σ k ≥ 0), and
U and V are 3Q-by-3Q and 3P-by-3P unitary matrices, respectively. is a 3Q-by-3P matrix with nonnegative main diagonal entries, which are the square roots of the eigenvalues of H H H. (·) H denotes the Hermitian operation. Using V as the beamforming weights at the Tx side, received signal r is represented as follows:
At the Rx side by multiplying U H , the received signal is detected as
According to (28), noise n is not enhanced because U H is a unitary matrix. For MMSE beamforming, the optimal weights, w opt , are chosen to minimize mean-square error between the beamforming array output, w opt s(t), and the available reference signal, d H (t). The optimal weight is given by the Wiener-Hoff equation [23] ,
where σ = E{d H (t)r(t)}, R = E{r(t)r H (t)}, and E{·} represents the expected value. The proposed channel model is examined through SVD and MMSE beamformings, and Table 4 lists the parameter settings for Monte Carlo simulations. Fig. 11 shows the PER curves for SVD beamforming; the figure also shows that the four-by-four PMIMO achieves approximately 4 dB SNR gain at the target PER 10 −2 compared to the two-bytwo PMIMO under both outdoor and indoor environments. A large SNR gain, e.g., 7 dB compared with the NLOS case of the two-by-two PMIMO, can be obtained when the LOS component exists. Fig. 11 also shows that the beamforming scheme works quite well in a highly correlated channel environment, where approximately 0.5 dB SNR gain on average at the target PER 10 −2 is achieved under the outdoor scattering scenario compared with the indoor scenario.
In Fig. 12 , the PER curves for MMSE beamforming are described, and it illustrates that MMSE beamforming outperforms SVD beamforming in terms of SNR gain, e.g., 0.8 dB gain for the indoor four-by-four PMIMO case at the target PER 10 −2 . MMSE beamforming only applies the optimal weights at Rx, whereas SVD beamforming applies the beamforming weights at both Tx and Rx to achieve maximum channel gains. However, Fig. 12 indicates that MMSE beamforming can overcome the impact of noise (when using perfect channel estimation) and interference, whereas SVD only attempts to avoid noise enhancement [24] . Based on the results from Figs. 11 and 12, we can conclude that the proposed channel model is reliable for use in a performance evaluation with MIMO technologies.
VII. CONCLUSIONS
This paper summarized the conventional PMIMO models and proposed a 3D channel model for polarized MIMO (CM 3D -PMIMO) systems. The proposed channel model is an extension of preliminary work by considering additional conditions in practice, including antenna triple-polarization, scattering environments (indoor/ outdoor), antenna radiation patterns, and signal LOS component. Compared with conventional models, the proposed model maintains many significant features, e.g., exploration of each polarized link, support of an array extension, and comparative reduction of modeling complexity by specifying the XPD value according to references based on measurements, rather than complex 3D geometric calculation. With a special note, the proposed channel model considers the power radiation pattern of polarized array systems that could be used for evaluation of an energy efficient transmission technique based on polarized MIMO systems. Similarly to [5] , the proposed channel model was verified by correlations between the cross-array/branch links. In addition, the reliability of a Monte Carlo simulation for MIMO technologies evaluation under CM 3D -PMIMO was examined through PER performance. The analysis results of the correlation characteristics and PER performances confirmed the validity of the proposed CM 3D -PMIMO.
APPENDIX-A
The array factor F(θ ) [12] , which represents the far-field radiation of an isotropic array system, can be expressed as 
Neglecting the phase factor and normalizing the radiation power gives the array factor as follows:
